Objective: Changes in skeletal muscle mass are involved in several important clinical disorders including sarcopenia and obesity. Unlike body fat, skeletal muscle is difficult to quantify in vivo, particularly without highly specialized equipment. The present study had a two-fold aim: to develop a regional 40 K counter for non-invasively estimating cell mass in the arm, mainly skeletal muscle cell mass, without radiation exposure; and to test the hypothesis that cell mass in the arm is highly correlated with electrical impedance after adjusting for the arm's length. Methods: Forearm cell mass was estimated using a rectangular lead-shielded 40 K counter with 4-NaI crystals; impedance of the arm was measured at multiple frequencies using a segmental bioimpedance analysis (BIA) system. The system's within-and between-day coefficient of variation (CV) for 40 K-derived elemental potassium averaged 1.8 AE 1.3 and 5.8 AE 1.2%, respectively. The corresponding BIA system's CVs were 1.0 AE 0.4 and 2.1 AE 1.0%, respectively. Subjects and results: Participants in the study were 15 healthy adults (eight females, seven males; age 39 AE 2.8 y, BMI 22.9 AE 4.5 kg=m 2 ). The right arm's K (5.2 AE 1.7 g) was highly correlated with length-adjusted impedance (r 2 ¼ 0.81, 0.82, and 0.83 for 5, 50 and 300 kHz, respectively; all P < 0.001); multiple regression analysis showed no additional improvement by adding age or sex to the prediction models.
Introduction
Skeletal muscle is a difficult component to quantify in vivo, particularly its cell mass compartment (Malina, 1996; Lee et al, 2000) . Muscle cells, or myofibers, represent the muscle's contractile elements and an estimation of them would provide a means of adjusting metabolic and functional (eg strength) measurements for differences in body size between individuals. Computerized axial tomography (CT), magnetic resonance imaging (MRI), and dual-energy X-ray absorptiometry (DXA) can all give estimates of whole-body and regional-skeletal muscle (Sjöstrom, 1991; Selberg et al, 1993; Mitsiopoulos et al, 1998; Shih et al, 2000; Lee et al, 2001 ), but only of whole muscle and not the myofiber portion. This distinction between whole muscle and muscle cell mass is important because the relationship between them varies in health and disease. For example, the relative reduction in myofiber mass with age-related muscle atrophy exceeds that of total skeletal muscle mass (Lexell, 1995) . Histological analysis of muscle tissue from elderly subjects reveals myofiber loss and cell shrinkage with relative expansion of the extracellular space and connective tissue (Lexell et al, 1986) . Thus, there is a need for methods that can accurately assess myofiber mass separately from total skeletal muscle mass in research and clinical settings.
Potassium is distributed almost entirely in the intracellular compartment and its concentration there remains relatively stable in healthy adults (Gallagher et al, 1997; Ellis, 2000) . Thus, appendicular potassium can serve as a measure of regional (ie arm and leg) muscle cell mass in a similar fashion to Moore's suggested use of total body potassium as an estimate of body cell mass (Moore et al, 1963) . That is, potassium measured in the arms and legs can be assumed, for practical purposes, to represent myofiber mass in healthy adults. There is a small amount of potassium in extremity skin, blood and bone marrow cells and in extracellular fluid, although the contribution to total extremity potassium is small compared to that of skeletal muscle (Snyder et al, 1975) . Potentially, appendicular potassium can be measured using the natural 1.46 MeV decay of 40 K detected by g-ray detectors (Yasumura, 1999) .
The heavy shielding required to exclude background radiation when measuring tissue 40 K limits the use of potassium counting to specialized research settings. An alternative way to estimate regional muscle-cell mass outside of the research laboratory is by using bioimpedance analysis (BIA; Elia et al, 2000; Lukaski, 2000) . The main electrical conductor in the limbs is muscle tissue, particularly myofibers lying in a parallel direction. Hence, measuring the change in voltage across an extremity after injecting a standard current at a known frequency should allow a determination of musclecell mass from prediction equations. BIA, therefore, represents a practical and inexpensive technology for rapid, isolated measurements of a limb's electrical properties (Nuñez et al, 2001) .
The aim of the present study was first to develop and then test an appendicular 40 K counter with the designated purpose of estimating the cell mass, mainly in the form of myofibers, of the limb and calibrating bioimpedance systems. Here, we extend and elaborate upon our earlier descriptions (Yasumura, 1999) of the design and operating characteristics of the 40 K measurement system, along with describing our initial calibration trials of BIA. Our findings support the practicality of this new approach for measuring appendicular cell mass, and hence, of offering a new expedient means of developing BIA formulas for regional cell mass prediction.
Methods

Protocol
The first phase of the study involved designing, constructing, and testing the 40 K regional counter. A system for specifically evaluating the human arm was developed based on previous counter design considerations (Spiers, 1961) . We analyzed the extremity 40 K counter within and between-day coefficient of variation (CV) and linearity using standardized phantoms and human subjects.
In the second phase, we tested the hypothesis that the cell mass in the arms of healthy men and women, as estimated by 40 K-derived elemental potassium, is associated with the arm electrical impedance adjusted for arm length (ie L 2 =Z) measured at frequencies ranging from 1 to 300 kHz.
Participants
The participants were healthy women and men recruited from among hospital employees. They had no history of endocrine, nutritional, growth or renal disorders, were not on any pharmacological preparations and had not participated in structured exercise programs. They were evaluated in the morning after an overnight fast, in a hospital gown. The study was approved by the Institutional Review Board of St. Luke's=Roosevelt Hospital Center as designated by Helsinki Declaration II. All participants gave their written informed consent before the evaluation.
Body composition
Body mass was measured with an electrical scale to the nearest 0.1 kg (Weight Tronix, New York, NY, USA) and height to the nearest 0.5 cm using a stadiometer (Holtain, Crosswell, Wales, UK).
Bioimpedance analysis. Impedance (Z) and phase angle were measured using a multi-frequency BIA system (Human-IM DIP; DS-Medigroup, Milan, Italy). Segmental impedance measurements were made as described by Organ et al (1994) ; this approach allows measurements of segmental impedance (eg each arm or leg) without requiring the use of proximal (ie segmental) electrodes. Two injector electrodes were positioned on the mid dorsum of the right hand just proximal to the metacarpal phalangeal joint line, and on the mid dorsum of the right foot just proximal to the metatarsal phalangeal joint line. Four voltage recorder electrodes were positioned, two on the mid dorsum of the wrist of both arms centered on a line joining the bony prominence of the radius and ulna, and two on the mid anterior ankle of both feet centered on a line joining the bony prominences of the medial and lateral malleoli.
The BIA measurements were carried out after the person had rested for 15 min in a well-aired room with constant temperature and controlled relative humidity. The upper limbs were extended to form an angle of greater than 30 with the trunk; the lower limbs were straightened to form an angle greater than 45 . All impedance measurements were adjusted for arm length, measured in the right arm from the distal phalange to the acromion process, as L 2 =Z (in cm 2 =ohm). Frequencies were increased from 1 to 5, 10, 50, 100 and 300 kHz. The arm length adjustment assumes that arm length accurately describes the corresponding electrical path length, a Muscle cell mass measurement A Pietrobelli et al reasonable assumption based upon earlier reports (Nuñez et al, 1999) . Gamma rays emitted within the counting chamber are collected by the scintillation detectors and transformed to an electrical pulse that is then transferred to a preamplifier and amplifier. All four-detector signals converge into a channel analyzer and scaler, covering the photon energy range from 0.1 to 2.7 MeV. The potassium spectrum normally extends from 1.34 to 1.58 MeV. Spectral counts are displayed on a graphic computer interface that, with appropriate software, measures the 40 K counts. The 40 K counter was calibrated daily with five-polyethylene bottles, one empty and four of which included standard crystalline KCl with up to 39 g of potassium counted for 10 min each. The four-channel analyzer was set in pulse height analysis mode, and integrated areas under the spectrum from 1.34 to 1.58 MeV summed from each detector in the 40 K area of interest. The 40 K-derived elemental potassium was then transformed into total regional potassium in grams (Spiers, 1961) .
We analyzed the extremity 40 K counter within-day CV by evaluating the 40 K counts=s of four bottles of standard crystalline KCl containing 5, 10, 20 and 39 g of potassium a total of four times within a 1 h period. The between-day CV was then determined in three subjects by evaluating these subjects the same time of day on five consecutive days. Next, we verified the system's linearity within the operating range for adults by preparing five ground beef sample phantoms (ie skeletal muscle) weighing from 0.9 to 4.5 kg. Each beef phantom was counted for 10 min and the results plotted as phantom weight vs 40 K-derived elemental potassium measured in counts=s.
To insure consistency between measurements, we measured the participant's right arm up to the same 55 cm landmark. All subjects were right-dominant. Each person's arm was counted for 10 min as with the standard KCl bottles and beef phantoms. The standardized landmark 40 K measurement represents a minimally-different arm region than Muscle cell mass measurement A Pietrobelli et al as measured by Organ's BIA protocol (Organ et al, 1994) . We assume in this report for practical purposes that 40 K and BIA estimates are from similar arm segments.
Statistical methods
All analyses were carried out using the statistical program SAS (Statistical Analysis System) release 6.10 (SAS Institute Inc., Cary USA). The group results are presented as mean plusmn;standard deviation. Independent t-tests were conducted to establish the significance of differences in body composition between men and woman. The within-and between-day CV for 40 K-derived elemental potassium and arm impedance measurements were calculated as s.d.=meanÂ100%. Simple linear regression analysis was used to examine the relationship between the right arm's K value and L 2 =Z. Multiple linear regression analysis was used to explore whether this relationship is affected by potential independent covariates such as age and gender. Statistical significance was set at P < 0.05. Table 1 presents the participants' baseline characteristics. The study population consisted of 15 healthy people, seven males and eight females. On average, males were older (P < 0.05) and had a larger body mass index (BMI) (P < 0.001) than their female counterparts. There were also significant differences (P < 0.001) between the genders in measured arm impedance and right-arm K values at all frequencies.
Results
Participants
System evaluation
The daily calibration with potassium samples was highly linear and reproducible with r 2 consistently > 0.98. A representative daily calibration trial with standard KCl of known potassium content (g) vs 40 K-derived elemental potassium (counts=s) is presented in Figure 2 (K ¼ 5.7Â 40 K þ 0.34; r ¼ 0.99, s.e.e. ¼ 1.23 g, P < 0.001).
The CVs for within-day 40 K-derived elemental potassium using KCl standards containing 5, 10, and 39 g of potassium were 1.0, 1.1 and 3.2%, respectively, with a group average of 1.8 AE 1.3%. The between-day CV for arm 40 K-derived elemental potassium in three subjects weighing an average of 70.6 kg ranged between 4.5% and 6.8% with a group mean of 5.8 AE 1.2%.
The prepared beef phantoms gave 40 K-derived elemental potassium counts ranging from 1.1 to 2.1=s for samples weighing from 0.9 to 4.5 kg; weight and number of counts were highly correlated with beef weight ¼ 3.2Â 40 K 7 2.7; r ¼ 0.97, s.e.e. ¼ 0.37 kg, P < 0.01.
Body composition
The CVs for within-day impedance measurements ranged from 0.7 to 1.6% with a group mean of 1.0 AE 0.4%; the between-day values ranged from 1.3 to 3.3% with a group mean of 2.1 AE 1.0%.
There was a high correlation between the right-arm K content and length-adjusted impedance. This correlation increased with greater injected frequency (eg r 2 ¼ 0.81 and 0.82 for 5 and 50 kHz, respectively; all P < 0.001) and it was maximum at the highest frequency, 300 kHz (r 2 ¼ 0.83; Figure  3 ; right arm K ¼ 0.056Â(length 2 =Z at 300 kHz) þ 2.58; r ¼ 0.91, s.e.e. ¼ 0.38 g, P < 0.001). Thus, the greatest variance in right arm K was explained by length-adjusted impedance measured at 300 kHz.
Adding age and gender did not contribute significantly to the prediction model for right-arm K at all measured BIA frequencies, suggesting that in this small sample, the association of arm K and length-adjusted impedance is independent of both measures.
Discussion
The present results demonstrate that for the human arm there is a strong link between measured potassium and Muscle cell mass measurement A Pietrobelli et al impedance, adjusted for the arm's length. The important potential of this association is the development of BIA formulas for predicting arm cell mass, mainly from myofibers, that would be applicable in clinical and research settings. While associating the measured electrical properties of the extremities with their corresponding lean tissue is not a new idea (Brown et al, 1988; Baumgartner et al, 1989; Heymsfield et al, 1998; Nuñez et al, 1999) , our primary intent was to quantify the cellular component separately from the remaining extracellular components, which include fluids and solids. Evaluating this portion of lean soft tissue, mainly muscle, has the advantage of focusing specifically on the contractile and oxygen-consuming portion, rather than on the total compartment mass. While stable relations may exist between muscle cells, muscle mass and extracellular fluids and solids in health, disease or advanced age may lead to a disproportionate accumulation or loss of non-cell mass components (Lexell, 1995) . Ideally, future studies would include both an estimate of total arm lean mass and the corresponding cellular component. Combined evaluations such as these would provide new insights into evaluated functional and electrical properties of the arm that require body composition estimates for their proper interpretation.
Our approach for quantifying myofiber mass was based on the stable association recognized between 40 K, with a characteristic 1.46 MeV g-ray, and the total skeletal muscle potassium content of muscle (Gallagher et al, 1997) . A leadshielded set of four rectilinear crystals provided a means of quantifying the g-ray decay of 40 K of a person's arm with high accuracy and reproducibility. While our initial betweenday CVs for some subjects were somewhat high (ie up to 6.8%), new available amplifiers and detectors promise to make the 40 K system extremely accurate and reliable. An important advantage of the regional counting system is that once it has been developed, the equipment is simple to operate, inexpensive to maintain, and has no associated risks for patients. The lack of any known risk or radiation exposure, and the short time required for measurement, provides an opportunity for evaluating large groups of children and pregnant women as well as other groups of adults. While the current system was designed for analyzing the arms, a corresponding lower extremity counter could also be developed. In addition to a strong association between arm K and length-adjusted impedance, we reproduced an earlier finding demonstrating that the maximum r 2 value occurred at the highest measured frequency of 300 kHz . While the mechanism of this frequency-related effect is not established, it is clear that the optimum BIA frequencies for skeletal -muscle analysis may be above the conventional 50 kHz level. We also limited our analysis to measured impedance using as our modeling approach simple and multiple regression analysis. The potential exists in future studies to employ more complex and appropriate multifrequency BIA modeling procedures such as those reported by De Lorenzo et al (1997) .
In conclusion, the present study demonstrates the potential of a new paradigm for evaluating extremity cell mass, mainly from myofibers, including a calibration module based upon regional 40 K estimates and a transportable 40 K calibrated segmental BIA system. This dual approach will allow development of widely varying but appropriately calibrated BIA systems for use outside of specialized research laboratories.
